Familial early-onset forms of Alzheimer's disease (AD) are linked to overproduction of amyloid beta (Aβ) peptides, while decreased clearance of Aβ is the driving force leading to its toxic accumulation in late-onset (sporadic) AD. Oxidative modifications and defective function have been reported in Aβ-degrading proteases such as neprilysin (NEP) and insulin-degrading enzyme (IDE). However, the exact mechanisms that regulate the proteolytic clearance of Aβ and its deficits are largely unknown. We have previously showed that cellular cholesterol loading, by depleting the mitochondrial GSH (mGSH) content, stimulates Αβ-induced mitochondrial oxidative stress and promotes AD-like pathology in APP-PSEN1-SREBF2 mice. Here, using the same AD mouse model we examined whether cholesterol-enhanced mitochondrial oxidative stress affects NEP and IDE function. We found that brain extracts from APP-PSEN1-SREBF2 mice displayed increased presence of oxidatively modified forms of NEP and IDE, associated with impaired enzymatic activities. Both alterations were substantially recovered after an in vivo treatment with the cholesterol-lowering agent 2-hydroxypropyl-β-cyclodextrin. The recovery of the proteolytic activity after treatment was accompanied with a significant reduction of Aβ levels. Supporting these results, cholesterol-enriched SH-SY5Y cells were more sensitive to Aβ-induced impairment of IDE and NEP function in vitro. The rise of cellular cholesterol also stimulated the extracellular release of IDE by an unconventional autophagy-coordinated mechanism. Recovery of depleted pool of mGSH in these cells not only prevented the detrimental effect of Aβ on intracellular AβDPs activities but also had an impact on extracellular IDE levels and function, stimulating the extracellular Aβ degrading activity. Therefore, changes in brain cholesterol levels by modifying the mGSH content would play a key role in IDE and NEP-mediated proteolytic elimination of Aβ peptides and AD progression.
Introduction
Increased amyloid β (Aβ) load has been consistently linked to the onset and progression of Alzheimer's disease (AD) [1] . Aβ is produced in normal individuals by β-and γ-secretase-mediated cleavage of the amyloid precursor protein (APP); however, under certain circumstances the molecule accumulates to above optimal concentrations leading to its self-association into neurotoxic assemblies.
All mutations causing familial type of AD occur in genes that codify for proteins related to Aβ generation, such us APP and presenilin-1 and -2, the catalytic subunits of the γ-secretase complex, resulting in enhanced amyloidogenic processing. In contrast, the quantification of the rates of Aβ synthesis and clearance within the cerebrospinal fluid (CSF) [2] , indicates that Aβ accumulation in sporadic AD patients is mainly due to significant defects in the clearance of the peptide [3] .
Several processes operating simultaneously have been described in the elimination of cerebral Aβ, including passive and active transport through the blood brain barrier, interstitial fluid bulk-flow clearance, and proteolytic degradation mediated by a diverse array of intra and extracellular enzymes, known collectively as Aβ-degrading proteases (AβDPs) [4] . The best characterized AβDPs are neprilysin (NEP) and insulin-degrading enzyme (IDE) [5] ; both are zinc-metalloendopeptidases particularly involved in the degradation of monomeric species, although neprilysin has been also described to hydrolyze Aβ oligomers https://doi.org/10.1016/j.redox.2019.101283 Received 23 April 2019; Received in revised form 15 July 2019; Accepted 24 July 2019 [6] . NEP is a type II membrane-anchored peptidase with its active site on the extracellular side of the plasma membrane. It is mainly expressed in pre-synaptic terminals of neurons [7] but it has been also reported in activated astrocytes and microglia [8, 9] . In contrast, IDE is most abundant in the cytosol and once produced by neurons and glial cells [10, 11] can be exported to the extracellular space independently of the classical secretory pathway [12, 13] . The exact underlying secretion mechanisms remain unknown, but studies indicate that could be at least in part mediated by exosomes [14, 15] in coordination with the autophagy-lysosomal pathway [16] .
Levels and activity of IDE and NEP decrease in normal human brains as a result of aging and have been shown to inversely correlate with Aβ-related pathology [17] [18] [19] . Low expression of NEP has been described in AD brains, especially in high-plaque-bearing areas such as the hippocampus [20] . Changes in AβDPs expression have been also observed under ischemia and hypoxia [8, 21] , both pathological conditions that have been linked to AD development [22] . Nevertheless, to date our understanding of how AβDPs are regulated in AD is still incomplete. Different studies suggest that the impairment of these proteases in AD brains is caused by post-translational modifications, such as oxidation [8, 17, 18] , and the progressive deposition of aggregated-inactive forms [23] . Evidence indicates that NEP and IDE could be also regulated by cholesterol levels. In retinal pigment epithelial cells, cholesterol enrichment has been shown to enhance Aβ accumulation by downregulation of NEP expression and activity [24] . Furthermore, the activity of IDE and NEP has been related to APOE genotype, being highest in ε2-positive brains and lowest in brains bearing the isoform ε4 [25, 26] , the major known genetic risk factor for AD [27] .
Cholesterol has long been implicated as a contributing factor to AD. High levels of cholesterol have been reported in vulnerable regions of AD brains [28] [29] [30] and a wide number of experimental data indicate that the amyloidogenic processing of APP and Aβ aggregation can be regulated by cholesterol levels [31] . Using genetic mouse models of cholesterol loading [sterol regulatory element-binding transcription factor 2 (SREBF2) mice and Niemann-Pick type C1 knock-out mice] together with APP-PSEN1 mice that overexpress SREBF2, we have demonstrated that an excess of cholesterol, particularly in brain mitochondria, by depleting the mitochondrial GSH (mGSH) content, stimulates Αβ-induced mitochondrial oxidative stress and accelerates the onset of the main pathological AD hallmarks [32] [33] [34] . Given that both IDE and NEP can be substrates of oxidative damage, in this study we analyze whether changes in cholesterol levels by affecting the mitochondrial antioxidant defense can regulate the expression and activity of both enzymes. We show that strategies directed to preserve mGSH content in cholesterol-enriched cells significantly reduce oxidative modifications in IDE and NEP, protect their function and improve the extracellular Aβ-degrading activity.
Materials and methods

Mice
Breeding pairs of B6C3-Tg (APPswe, PSEN1De9)85Dbo/J (APP-PSEN1) and B6; SJL-Tg (rPEPCKSREBF2)788Reh/J (SREBF2) mice were purchased from The Jackson Laboratory (Maine, USA). APP-PSEN1-SREBF2 were obtained by crossbreeding of APP-PSEN1 and SREBF2 mice and characterized as previously described [34] . Mice were genetically identified by PCR using DNA from ear-tips obtained at the time of weaning (21 d) and following the genotyping protocols provided by the supplier. All the procedures involving animals were approved by the animal care committee of the Universitat de Barcelona and were conducted following the institutional guidelines in accordance with national and international laws and policies. Only male mice were used due to sex-related differences in cholesterol levels observed in APP-PSEN1-SREBF2 mice. In some cases, mice were treated with 2-hydroxypropil-β-cyclodextrin (HP-β-CD 4 g/kg in saline solution), injected subcutaneously at the scruff of neck twice a week for ten weeks.
Cell culture and treatments
The SH-SY5Y human neuroblastoma cell line (ECACC) was cultured in DMEM supplemented with Ham-F12 (Thermo Fisher Sci., 11330-032), 10% fetal bovine serum (Thermo Fisher Sci., 12484-028) 0.5 mM L-glutamine and 5 μg/ml plasmocin. Cholesterol enrichment was performed by incubation with a cholesterol:methyl-β-cyclodextrin complex (CHO:MCD; containing 50 μg/mL of cholesterol) for 1 h followed by 4 h recovery. Treatment with 4 mM glutathione ethyl ester (GSHee) and/or 5 μM oligomeric Aβ for 24 h was performed when indicated. In some cases, cultured medium from treated cells was collected and cell debris was removed by centrifugation. Then, to concentrate the protein fraction in medium, 1 ml of supernatant was mixed with 10 μg BSA (Bovine serum albumin, Sigma-Aldrich A-4503) and 110 μl of 100% w:v trichloroacetic acid (TCA) on ice for 1 h. Precipitated proteins were pelleted for 5 min at 16,000 g at 4°C, and after rinsed with 500 μl cold acetone, were resuspended for protein analysis.
Preparation of Aβ peptides
Human Aβ(1-42) hydrochloride salt (Bachem, H-6466) was dissolved to 1 mM in hexafluoroisopropanol (HFIP; Sigma-Aldrich, 10,522-8), aliquoted and stored at −20°C after HFIP evaporation. For oligomeric assembly, peptides were resuspended to 5 mM in DMSO by sonication, then diluted to 100 μM in phenol red-free DMEM and incubated at 4°C for 24 h. 
Aβ levels
Levels of human recombinant Aβ(1-42) peptides were determined in duplicate in brain extracts using the colorimetric human Ab42 ELISA kit (Invitrogen KHB3441) following the manufacturer's instructions.
Mitochondrial isolation
Pure preparations of brain mitochondria were obtained by Percoll gradient centrifugation as described by Yu et al. [35] . First, brains were removed of olfactory bulbs, midbrain, and cerebellum, and were homogenized in 210 mM mannitol, 60 mM sucrose, 10 mM KCl, 10 mM succinate, 0.1 mM EGTA, and 10 mM HEPES, pH 7.4. Homogenates were then centrifuged at 700g 4°C for 10 min. Supernatants were recovered and further centrifuged at 10,000g for 15 min. The resulting pellet (crude mitochondria) was resuspended in 1 ml, layered onto 8 ml of 30% Percoll (v:v) and centrifuged at 95,000g for 30 min. The closest layer to the tube bottom belonging to mitochondria was rinsed twice by centrifuging at 10,000g for 15 min and stored until use. Mitochondria from SH-SY5Y cells were isolated by digitonin fractionation as described previously [36] .
Western blotting
Cells or mouse brains were lysed in lysis buffer (20 mM Tris-Cl, pH 7.4, 0.5% Triton X-100, 10% sucrose, 1 mg/ml aprotinin, and 10 mM phenylmethane sulfonyl fluoride) for 30 min at 4°and centrifuged at 16,000g for 15 min. Samples (25-50 μg of protein/lane) were resolved by SDS-PAGE (Bio-Rad, 3450124) and transferred to nitrocellulose membranes (Bio-Rad, 1704271). Blots were probed with the antibodies listed in Table 1 . After overnight incubation at 4°C, bound antibodies were visualized using horseradish peroxidase-coupled secondary antibodies and the Amersham™ Prime Western Blotting Detection Reagent (GE Healthcare; 32106).
Selfie RT-qPCR
Selfie qRT-PCR was performed as described in Podlesniy and Trullas [37] . Briefly, brain homogenates were prepared and diluted in 100ST buffer (DireCtquant). Then, 2.5 mM IDE reverse primer (5′-acctgtgaaaagccgagaga-3′) was annealed with samples at 70°C for 5 min. Samples were incubated with RiboLock RNase Inhibitor (ThermoFisher Sci., EO0381) and glycerol or Maxima H Minus Reverse Transcriptase (ThermoFisher Sci., EP0751), and retrotranscribed for 30 min at 60°C and 5 min at 85°C. Finally, 2.5 mM IDE forward primer (5′-acctgtgaaagccgagaga -3′) was added and amplified by conventional RTqPCR (5 min at 95°C, followed by 40 cycles of 15 s at 95°C, 35 s at 60°C and 25 s at 72°C), using iTaq™ Universal SYBR® Green Supermix (BioRad). mRNA expression was calculated as difference in expression of the sample containing reverse transcriptase minus sample containing glycerol.
Immunoprecipitation
Immunoprecipitation was performed using Dynabeads™ Protein G beads (Thermo Fisher Sci., 10003D). Mouse anti-IDE monoclonal antibody (2 μg; Santa Cruz Biotech., sc-393887) or goat anti-NEP polyclonal antibody (2 μg; R&D Systems, AF1126) were incubated with beads (1.5 mg) for 40 min in rotation. Then, brain homogenates (1 mg) were incubated with bead-antibody complexes for 1 h at room temperature. The immunoprecipitated proteins were eluted by adding 50 mM glycine pH 2.8 and then analyzed by western blotting.
Cholesterol and mGSH quantification
50 μg of brain homogenates or 0.05 × 10 6 cells were mixed with a chloroform:isoporpanol:IGEPAL CA-630 (7:11:0.1) mixture and centrifuged at 13,000g for 10 min. Organic phase was recovered, transferred to another eppendorf and vacuum centrifuged for 30 min to remove remaining chloroform and organic solvent. The pellet was resuspended in 1x reaction buffer from the Amplex Red Cholesterol Assay kit (Thermo Fisher Sci., A12216) and analyzed following the guidelines provided by the supplier. Mitochondrial mGSH content was analyzed using the Glutathione Assay Kit (Sigma-Aldrich, CS0260-1 KT) according to the manufacturer's instructions. Samples were assayed after precipitation with 10% TCA.
IDE and NEP activity
10 μg of cell or brain lysates were mixed with 10 μM of the fluorogenic peptide Mca-RPPGFSAFK(Dnp)-OH (R&D Systems) in reaction buffer (100 mM Tris-Cl, pH 7.5, 50 mM NaCl, and 10 mM ZnCl 2 ) and the fluorescent intensity of the cleaved fragments was monitored during 30 min at 37°C with excitation at 320 nm and emission at 405 nm. Insulin (10 μM, Thermo Fisher Sci., RP-10908), a competitive substrate of IDE or thiorphan (40 μM, Santa Cruz Biotech., sc-201287), a potent inhibitor of NEP, was added to distinguish the specific enzyme activities. In both cases, we first determined the dose that achieves maximum substrate cleavage inhibition using 10 μg of lysate ( Supplementary Fig. S1 ). IDE activity was defined as the activity sensitive to insulin inhibition and NEP activity was defined as the activity sensitive to thiorphan inhibition.
Aβ degradation assay
Degradation of Aβ was measured by the incubation of 1 μM monomeric human Aβ1-42 in 1 ml of conditioned media from SH-SY5Y cells exposed to the indicated treatment. After 12 h of incubation at 37°C, proteins were precipitated with TCA following the procedure described above and subjected to immunoblotting analysis.
Isolation of extracellular vesicles
Extracellular vesicles (EVs) were isolated from 4 days conditioned medium supplemented with 10% of exosome-depleted FBS by ultracentrifugation (100,000 g for 16 h). The medium was first centrifuged at 300g for 10 min followed by two centrifugations at 3,000g and 10,000g for 10 min and one last ultracentrifugation at 100,000g for 70 min to pellet the EVs. Pellets were rinsed in PBS and centrifuged again at 100,000g for 70 min. Finally, EVs were resuspended in lysis buffer, incubated at 4°C for 30 min and then were centrifuged at 16,000g for 15 min. Supernatants were stored at −20°C until use.
Statistics
All results are expressed as mean ± SD. Statistical significance was examined using the unpaired, two-tailed Student's t-test. A value of P < 0.05 was considered statistically significant.
Results
Impaired function of IDE and NEP in APP-PSEN1-SREBF2 mice
We first determined the proteolytic activity of IDE and NEP in brain homogenates of 8-month-old wild-type (WT) and APP-PSEN1 mice with and without SREBF2 overexpression. We observed that the activity of both enzymes was significantly reduced in APP-PSEN1-SREBF2 mice compared to WT mice (Fig. 1A) . The analysis of IDE and NEP protein levels in brain homogenates performed by immunoblotting reveled that IDE was increased in APP-PSEN1-SREBF2 mice while NEP levels remained unaltered regardless of genotype (Fig. 1B) . qRT-PCR analysis also showed unchanged expression levels of Nep mRNA accompanied with an increase in Ide mRNA levels in the triple transgenic mice (Fig. 1C) , indicating that the rise of IDE protein levels in these mice was due to an upregulated transcription, and it most likely reflects an adaptive response to IDE functional impairment.
In vivo treatment with 2-hydroxypropyl-β-cyclodextrin counteracts IDE changes and reduces Aβ brain content displayed by APP-PSEN1-SREBF2 mice
Previous data from cells and mice overexpressing mutant App transgenes showed that the administration of the cholesterol-lowering compound 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) exerted a neuroprotective effect, lowering TAU and Aβ burden [38, 39] . In mice, cognitive improvement after chronic HP-β-CD therapy was linked to diminished Aβ plaques, suggesting that the effect of the drug may be in part mediated by an enhanced clearance of Aβ [38, 39] . We analyzed the effect of HP-β-CD administration (4 g/kg/day) in APP-PSEN1-SREBF2 mice. As expected, a significant decrease of cholesterol content was observed after treatment in both total homogenate and isolated mitochondria from mice that overexpress SREBF2 compared to WT mice ( Fig. 2A) . Normalization of mitochondrial cholesterol levels in treated mice resulted in the recovery of mGSH content (Fig. 2B) . The egress of brain cholesterol by HP-β-CD was not sufficient to significantly recover NEP activity in the triple transgenic mice (Fig. 2C) . No changes were observed regarding NEP protein levels after HP-β-CD administration (Fig. 2D) . In contrast, the cholesterol-lowering agent prevented the increased expression of IDE observed in brain extracts from APP-PSEN1-SREBF2 mice (Fig. 2D) and significantly raised its proteolytic activity (Fig. 2C) . Interestingly, the increase of IDE activity after HP-β-CD treatment was accompanied with a lower accumulation of Aβ in brain extracts (Fig. 2E). 3.3. Increased levels of oxidatively-modified IDE and NEP in brains from APP-PSEN1-SREBF2 mice and protective effect of 2-hydroxypropyl-β-cyclodextrin treatment Evidence indicates that IDE and NEP are oxidatively impaired in AD [17, 18] . Both peptidases have been described to react with the lipid peroxidation product 4-hydroxynonenal (4-HNE), with the concomitant formation of inactive protein adducts [40, 41] . Moreover, Aβ incubation in SH-SY5Y cells has been shown to increase the presence of 4-HNE-NEP and 4-HNE-IDE adducts [41, 42] . To analyze whether IDE and NEP are modified by oxidative damage in brain extracts from APP-PSEN1-SREBF2 mice, 4-HNE-adducted and unmodified levels of both AβDPs were determined by immunoprecipitation followed by Western blot analysis with the corresponding antibody. As shown, the ratio of 4-HNE-IDE adducts to total IDE was 1.8 times higher in APP-PSEN1-SREBF2 brain compared to WT brain (Fig. 3A) . After HP-β-CD administration the 4-HNE-IDE/IDE ratio in extracts of WT and triple Fig. 1 . Impaired IDE and NEP enzymatic activities in APP-PSEN1-SREBF2 mice. A) IDE and NEP activities assessed in brain homogenates of 7-mo-old WT and the indicated transgenic mice using a fluorogenic peptide substrate. The specific activities of both IDE and NEP enzymes were calculated by subtracting residual fluorescent intensity after incubation with the inhibitors insulin and thiorphan, respectively, and were expressed as percentage of total endopeptidase activity. B) Representative immunoblot of IDE and NEP. Protein expression was normalized to β-actin (ACTB) intensity and expressed as relative optical density (O.D.) units. C) Ide and Nep mRNA expression analyzed by Selfie qRT-PCR. mRNA values were normalized to total DNA expression and reported as relative levels referred to the expression in WT mice. Significant differences were expressed as * p ≤ 0.05; **p ≤ 0.01. transgenic brains was reduced below values of untreated WT mice (Fig. 3A) . Brain extracts from APP-PSEN1-SREBF2 mice also showed an increased 4-HNE-NEP/NEP ratio compared to samples from APP-PSEN1 mice, which displayed almost unnoticeable presence of 4-HNE-NEP adducts (Fig. 3B) . The content of oxidatively-modified NEP in the triple transgenic mice was reduced by 35% after HP-β-CD treatment (Fig. 3C) .
Cholesterol-mediated mGSH depletion promotes the impairment of IDE and NEP proteolytic activities induced by Aβ
Mitochondria have emerged as major contributors of Aβ-induced oxidative stress. Aβ progressively accumulates in mitochondria of AD brain [43] [44] [45] , and the interaction of Aβ with mitochondria can result in mitochondrial dysfunction and ROS generation [43, [45] [46] [47] , provided that the mitochondrial antioxidant defense system is impaired [33, 48] . Having previously shown that Aβ-induced oxidative stress is enhanced by mGSH depletion [32] [33] [34] , we analyzed the contribution of the cholesterol-mediated mGSH depletion in the Aβ-induced oxidative impairment of AβDPs. SH-SY5Y cells were incubated with a water-soluble cholesterol complex (CHO:MCD, cholesterol:methyl-β-cyclodextrin) and exposed to oligomeric Aβ. The increase of intracellular cholesterol content after treatment was confirmed by staining with filipin, a fluorescent polyene antibiotic that specifically binds cholesterol, and that showed a higher and homogeneous intracellular staining in CHO:MCD-treated cells (Fig. 4A) . Quantitation of total cholesterol levels was also assessed by a fluorometric assay (Fig. 4B) , and as expected, the increase of sterol levels in CHO:MCD-treated cells was accompanied with a significant depletion of mGSH content compared to Fig. 2 . In vivo treatment with 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) recovers IDE activity and expression in APP-PSEN1-SREBF2 mice. 7-mo-old WT and the indicated transgenic mice were treated with 4 g/kg HP-β-CD twice a week for 10 weeks. Saline solution was used as control. A) Total and mitochondrial cholesterol levels in brain homogenates. B) mitochondrial GSH levels in brain homogenates. C) IDE and NEP enzymatic activities assessed using a fluorogenic peptide substrate. The specific activities of both IDE and NEP enzymes were calculated by subtracting residual fluorescent intensity after incubation with the inhibitors insulin and thiorphan, respectively, and were expressed as percentage of total endopeptidase activity. D) Representative immunoblot of IDE and NEP. Densitometric values of specific protein bands were normalized to β-actin (ACTB) intensity and expressed as relative optical density (O.D.) units. E) Brain were homogenized with guanidine HCl extraction buffer and the homogenates were analyzed by ELISAs for quantitative assessment of the human Aβ(1-42) content. Significant differences between conditions were expressed as * p ≤ 0.05; **p ≤ 0.01. Fig. 3 . High levels of oxidized IDE and NEP in APP-PSEN1-SREBF2 mice reverted after in vivo treatment with 2-hydroxypropyl-β-cyclodextrin (HP-β-CD). 7-mo-old WT and the indicated transgenic mice received HP-β-CD (4 g/kg) twice a week for 10 weeks or saline solution as control. A) Brain lysates were first immunoprecipitated with an anti-IDE antibody and then analyzed by immunoblotting for IDE and its oxidized adduct using an anti-HNE antibody. B) and C) Brain lysates were first immunoprecipitated with an anti-NEP antibody and then analyzed by immunoblotting for NEP and its oxidized adduct using an anti-HNE antibody. The relative ratio of the oxidized over total enzyme was determined by dividing the intensity levels of the 4-HNE blot with the levels of the corresponding IDE or NEP blot after normalized to the total amount of protein stained with Ponceau S (PS). untreated cells (Fig. 4C) . After cholesterol enrichment, cells were incubated with Aβ (5 μM) for 24 h and expression levels and activity of IDE and NEP were assessed. As shown, CHO:MCD treatment did not modify the cellular content of IDE and NEP, regardless of Aβ incubation (Fig. 4D) . However, the proteolytic activity of both enzymes was significantly affected in cholesterol-enriched cells exposed to Aβ (Fig. 4E) . Remarkably, preincubation with GSH ethyl ester (GSHee), a membranepermeable GSH form that restores the depleted pool of mGSH in cholesterol-enriched cells (data not shown) [49] prevented Aβ-induced inhibition of IDE and NEP activities in CHO:MCD-treated cells (Fig. 4F) . Thus, these findings indicate that the enhanced susceptibility to Aβ displayed by both peptidases in cholesterol-enriched cells is largely due to mGSH depletion.
Cellular cholesterol enrichment enhances IDE release by stimulating secretory autophagy
It has been described that IDE can be released to the extracellular space by an unconventional secretory pathway that presumably involves exosomes formation [14, 15] . Given that extracellular vesicles (EVs), including exosomes, are enriched in cholesterol and their cellular release has been reported to be cholesterol-dependent [50] , we next evaluated whether changes in cholesterol levels can affect IDE secretion. SH-SY5Y cells were cholesterol-enriched with the CHO:MCD complex and the EVs were isolated from cell-free conditioned media by ultracentrifugation. Samples from CHO:MCD-treated cells showed increased content of EV marker proteins such as tumor susceptibility gene 101 (TGS101) and flotillin 1 (FLOT1), indicative of greater EV release (Fig. 5A) . IDE presence was only observed in EV from cholesterol-enriched cells (Fig. 5A ) and was associated with an increased enzymatic activity (Fig. 5B) . In contrast, control cells displayed almost neglectable extracellular IDE activity (Fig. 5B) . In astrocytes, IDE secretion has been associated with an autophagy-based secretory pathway [16] . Autophagy can also influence Aβ release to the extracellular space and thereby affect Aβ plaque burden [51] . Moreover, we have recently demonstrated that high cholesterol levels not only prevents Aβ degradation but also stimulates unconventional secretion of Aβ through altering the autophagy flux [49] . To test whether the enhanced release of IDE in cholesterol-enriched cells is autophagy-dependent, cells were incubated with wortmannin, a selective and irreversible PI3-kinase inhibitor that blocks autophagosome formation. We first analyzed the levels of lipidated microtubule-associated protein 1 light chain 3 B (MAP1LC3B/LC3B), a marker of autophagosome formation, and the levels of the autophagy substrate sequestosome 1 (SQSTM1/p62). As shown, the cellular cholesterol-enrichment stimulated autophagosome formation, with presence of lipidated LC3B (LC3B-II) (Fig. 5C) . Lipidated LC3B levels further increased in cholesterol-enriched cells exposed to Aβ (Fig. 5C) . Also, in agreement of what we had previously described [49] , the levels of SQSTM1/p62 rose in cholesterol-enriched cells (Fig. 5C) , indicative of an autophagy flux blockage by cholesterol.
Wortmaninn exposure prevented both autophagosome formation and SQSTM1/p62 accumulation (Fig. 5C ) and significantly reduced the enhanced extracellular release of IDE induced by cholesterol in cells exposed to Aβ (Fig. 5D ), indicating that cholesterol can regulate IDE secretion by modulating autophagy flux. Our previous studies showed that autophagy induction in cholesterol-enriched cells was due to an exacerbated Aβ-induced oxidative stress, and GSHee administration significantly inhibited both autophagosome formation and secretory autophagy by reducing the mitochondrial oxidative stress [49] . Hence, as expected the recovery of mitochondrial GSH in CHO:MCD-treated cells after GSHee incubation significantly reduced IDE release (Fig. 5E ) without affecting intracellular IDE levels (Fig. 5E ).
Conditioned media from cholesterol-enriched cells show low Aβ-degrading activity
Having established a link between high cholesterol levels and impaired IDE and NEP enzymatic activity, we next analyzed whether cellular cholesterol content can regulate extracellular Aβ degradation. Conditioned media from control and cholesterol-enriched cells were incubated with 1 μM monomeric Aβ for 12 h. After the incubation period, the remaining levels of Aβ were analyzed by Western blot. As shown, despite the enhanced release of IDE displayed by cholesterolenriched cells, samples from CHO:MCD-treated cells showed increased monomeric Aβ levels compared to control cells (Fig. 5F ), which resulted in increased formation of Aβ oligomers (Fig. 5F) . Remarkably, the low Aβ-degrading activity observed after cholesterol enrichment was reverted by GSHee treatment (Fig. 5F ). The recovery of mGSH in CHO:MCD-treated cells significantly prevented the appearance of the most toxic oligomeric forms of Aβ (Fig. 5F ). Overall these findings highlight the key role of mitochondrial oxidative stress in regulating the proteolytic clearance of Aβ and pointing to GSHee as a helpful tool in maintaining a proper activity of Aβ-degrading enzymes.
Discussion
In the present study, using AD mouse models with a high brain cholesterol burden and cholesterol-enriched neuroblastoma cells, we have shown that functionality of the main Aβ-degrading enzymes is regulated by cholesterol-enhanced oxidative damage. Remarkably, decreased IDE and NEP activities are not observed in SREBF2 mice, neither in cholesterol-enriched cells, unless they are exposed to Aβ; hence, cholesterol is needed but is not sufficient to promote the oxidative impairment of both enzymes, which requires Aβ presence. Aβ toxicity linked to mitochondrial dysfunction has been described to mediate or even initiate key pathologic molecular cascades in AD [52] . Aβ interact with mitochondria inducing ROS [46, 53] , and high cholesterol levels can enhance this Aβ-induced oxidative stress and damage through depleting the mGSH content [32, 33] . Our previous studies also showed that treatment with GSHee, which recovers the cholesterol-depleted mGSH levels, significantly prevented the main pathological hallmarks of AD in APP-PSEN1-SREBF2 mice, including Aβ deposition [34] . Here, we further demonstrate that the administration of this soluble form of GSH can counteract the alterations in IDE and NEP function due to cholesterol rise. Interestingly, its protective effect was not limited to intracellular AβDPs; the incubation with GSHee also resulted in improved degradation of extracellular Aβ with lower formation of Aβ oligomeric species.
We have observed that while NEP expression remains unaltered, the decrease in IDE activity is associated with upregulated protein and mRNA levels in APP-PSEN1-SREBF2 mice. This rise of IDE expression may be part of a compensatory response, although insufficient to counteract the impaired activity. A similar outcome has been reported in vessels from patients with cerebral amyloid angiopathy showing overexpression of IDE associated to low enzymatic activity [54] . Apart from that, several reports display mixed results regarding changes in the expression of both peptidases. For instance, an age-dependent decline in the expression of both IDE and NEP has been reported in neuronal cells and in AD vulnerable brain areas, such as cortex and hippocampus [17] [18] [19] 25] . In contrast, NEP has been found upregulated in reactive astrocytes surrounding amyloid plaques in AD mice [55] . Interestingly, in line with our results, hippocampus from high-cholesterol-fed C57BL/6 mice displays high IDE expression, without changes in NEP protein levels [56] . A link between cholesterol and NEP expression has also been described in studies using SH-SY5Y cells stably overexpressing APP 695 [57] . Belyaev et al. show that NEP expression is transcriptionally regulated by the APP intracellular domain (AICD), and reduction of membrane cholesterol levels by methyl-β-cyclodextrin significantly affects NEP expression by lowering AICD levels, presumably synthesized through a cholesterol-dependent endocytic pathway. Unlike this study, we have not observed any significant change in NEP levels after the in vivo treatment with HP-β-CD, possibly because the reduction of cholesterol levels (with values above WT levels) is not strong enough to affect the endocytic pathway. Cholesterol has also been reported to regulate the localization of mature NEP to lipid rafts, where the substrate Aβ accumulates, nonetheless, the location does not seem to modulate its protease activity [58] . Beside changes in the expression and location, activity of AβDPs can be regulated by post-translational modifications. Both IDE and NEP are inactivated by oxidation [40] . Oxidative products (4-HNE adducts of IDE and NEP), similar to those displayed by APP-PSEN1-SREBF2 mice, have been found in brain extracts from AD patients [17] [18] [19] . Furthermore, depositions of both IDE and NEP have been reported in senile plaques, particularly in brains from sporadic late-onset AD patients [23] , and although the mechanisms involved are unknown, it is likely that an enhanced and sustained oxidative stress may promote the conformational changes needed to convert the enzymes from "natively folded-active" to "aggregated-inactive" forms. Recent studies have also reported that oxidative stress can compromise IDE function indirectly by inducing phospholipase A2 group 3 (Pla2g3) expression which in turn downregulates IDE expression [59] .
We have showed that the oxidatively-modified forms of IDE and NEP decrease in the triple transgenic mice after treatment with the cholesterol-sequestering agent HP-β-CD. The reduction of HNE-adducts of IDE is accompanied with a significant recovery of its activity. Intriguingly, the increased IDE activity is observed despite that protein levels are lowered to control values after HP-β-CD treatment, which further reinforces the notion that cholesterol exerts a post-translational control of IDE activity independently of its levels, whereas the transcriptional regulation of IDE would be more likely linked to changes of enzyme functionality. In contrast, the reduction of NEP oxidative damage in APP-PSEN1-SREBF2 mice after cholesterol egress does not recover its activity, suggesting that at least in vivo other cholesterol-independent mechanisms may play a role.
Cholesterol enrichment results in increased release of IDE through an unconventional secretory pathway that involves EVs. Of note, a certain enzymatic activity is detected associated to the presence of IDE protein in EVs, although to the same extent that the intracellular IDE activity displayed by cholesterol-enriched cells exposed to Aβ, which is significantly low compared to untreated cells. Neither IDE presence nor endopeptidase activity is observed in EVs isolated from untreated control cells, in agreement with a recent article that questions the release of IDE in cultured cells [60] . Moreover, and unlike cholesterolmediated alterations of IDE function, the release of IDE through EVs after cellular cholesterol enrichment does not require Aβ exposure. Growing evidence indicate that cholesterol contributes to EVs biogenesis and release [50] . Cellular cholesterol loading, directly or by treatment with U18666A, which mimics the cellular phenotype of the cholesterol-related Niemann-Pick disease, stimulates EV release [61, 62] . Also, enhanced release of cholesterol-rich EVs has been observed after overexpression of the cholesterol transporter ABCA1, further confirming the link between cholesterol metabolism and EVs [63] .
EVs fall in two categories according to their subcellular origin and size, microvesicles (100 nm-1 μm) budded directly from the plasma membrane, and exosomes (50-100 nm) that arise from endosome-derived multivesicular bodies [64] . We have not specifically assessed by which type of vesicle is IDE secreted after cellular cholesterol enrichment, further analyses using electron microscopy would be required to determine the vesicle size and type; despite that, previous studies point to the involvement of exosomes in IDE secretion [14, 15] , in collaboration with the autophagy pathway [16] . Interestingly, recent studies suggest a high crosstalk between exosomes biogenesis and autophagy, with shared molecular machinery. In neuronal cells, both autophagic degradation and exosome secretion are used to eliminate protein aggregates, and when autophagy or lysosomes are impaired, exosome release is enhanced [65] . Recently, we showed in APP-PSEN1-SREBF2 mice that cholesterol promotes this autophagy-dependent secretory pathway, by blocking the Aβ-induced autophagy flux while autophagosomes formation is stimulated [49] . Now, using the autophagy inhibitor wortmannin we have found lower levels of extracellular IDE in media from cholesterol-enriched cells after autophagy inhibition, supporting the notion that cholesterol-induced release of IDE is under the control of this unconventional autophagy-based secretory pathway.
Conditioned media from cholesterol-enriched cells show reduced capacity of Aβ degradation associated with an increased formation of the most toxic oligomeric assemblies [66] , and both alterations are counteracted by GSHee incubation. Our findings point to improved IDE activity as the responsible for the enhanced degradation of extracellular Aβ after GSHee treatment, although the involvement of other proteases cannot be excluded. For instance, plasmin, a serine protease present in the extracellular matrix, can degrade Aβ aggregates [67] . However, plasminogen deficiency in mice does not result in increased brain or plasma Aβ levels [68] , unlike IDE and NEP knockout mice that show increased deposition of Aβ [69, 70] . The relevance of NEP and IDE in Aβ metabolism has been widely proved in AD mice [71, 72] and therapeutic interventions based on increasing their expression have been proposed. Our studies show that IDE and NEP are highly sensitive to the enhanced oxidative stress promoted by high cholesterol levels, thus, strategies aimed to prevent the oxidative inactivation of both enzymes could improve Aβ clearance while avoiding potential side effects concomitant to enzyme expression manipulation. Under stressful conditions, cells can activate a stress response consisting of a pro-survival network controlled by several genes termed vitagenes [73] . The activation of the vitagene system, with up-regulation of antioxidant molecules such as heme oxigenases, thioredoxin, and the GSH and sirtuin systems, restores the cellular redox homoestasis and counteracts the deleterious effect of pro-oxidant insults [73] . Different pharmacological and/or nutritional approaches that potentiate these endogenous defense mechanisms have recently been demonstrated to be neuroprotective [74] [75] [76] , most of them acting in a hormetic dose response [77] . Thus, given the relationship between oxidative stress and IDE/NEP proteolytic activites, the pharmacological stimulation of the vitagene system and its hormetic response could be explored as new avenues for therapeutic interventions.
In conclusion, our data reveal a novel mechanism connecting cholesterol-induced mitochondrial oxidative stress with reduced Aβ clearance and AD progression, and support antioxidant and cholesterol lowering compounds as protective therapies against NEP and IDE inactivation and Aβ accumulation.
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